: creates phonon at site î n i
: electron occupation number,n i = c † i c i , n i = 0, 1 Parameters: t : nearest-neighbour hopping parameter ω 0 : phonon energy g : electron-phonon coupling strength, g = Ep/ω 0
We use the dimensionless parameters λ = Ep 2t and ω 0 = ω 0 t .
• Bipolarons suppressed by Coulomb repulsion, here: U → ∞.
• Extended polaron state only exists in one dimension!
• We mainly consider ω 0 < 1 (adiabatic regime).
Methods Quantum Monte Carlo (QMC)
• Grand-canonical method, free of autocorrelations.
• Based on Lang-Firsov transformed model.
• Finite temperature k B T = β −1 , Trotter discretization ∆τ = 0.1.
• Sign problem for intermediate λ and small ω 0 at low temperatures.
• Maximum entropy method required to get dynamic quantities.
Exact diagonalization (ED)
• Kernel polynomial method, parallel matrix-vector multiplication.
• Zero temperature.
• Analytical separation of symmetric phonon mode [2] .
• Cutoff for maximal number of phonons.
• Maximum entropy method to maximize energy resolution [3] .
Observables
Single-particle spectral function
at momentum k and energy ω − µ (µ: chemical potential). QMC can measure
G(k, τ ) denotes imaginary-time Green function. Single-particle density of states:
Kernel polynomial method yields approximation to 
• Free-electron-like spectra, bandwidth close to 4t.
• Weak phonon signatures. • Large spectral weight at µ for low densities.
Density of states (QMC)
• Tendency toward Peierls-insulating state at n = 0.5 (T > 0!). • Exponentially small weight at Fermi level for all n (polaron band).
• Large high-energy incoherent features, reflecting the phonon distribution. • Half-filled band: particle-hole symmetry, Peierls insulator with polaronic superlattice.
Intermediate coupling • n = 0.1: polaron band at Fermi level, flattening at large k.
• Incoherent part closely follows free dispersion.
• ↑ n: polaronic peaks broaden and merge to broad band at n = 0.4.
• n = 0.4: rather 'normal' metallic behaviour!
• Good agreement between QMC (blue) and ED.
Density of states (QMC) • Little weight at µ for n = 0.1, but increases with n due to dissociation of polarons.
• n = 0.5: charge-density-wave order sets in, weight at µ suppressed!
• T > 0: phonon excitations at |ω − µ| ≈ 2.5ω 0 .
Nonadiabatic strong-coupling regime
Again consider critical coupling for small-polaron crossover (g = 1). • Spectra mainly unchanged going from n = 0.1 (red/black) to n = 0.3 (green/blue).
Spectral function (ED)
• Polaronic carriers also at large fillings in nonadiabatic regime.
Conclusions
• Adiabatic intermediate coupling regime: Large polarons dissociate at large carrier densities.
• Crossover from a polaronic to a metallic system.
• Single-polaron theories not suitable at finite doping.
